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HOLLOW FIBRES

[0001] The present invention is directed towards the prepa-
ration of hollow fibres, 1n particular fibres of nanoporosity
without additional coating and a new generic synthesis route
tor the production of a range of hollow fibres with specific
properties.

[0002] The range of compact hollow fibres provided by the
present invention 1s very useful to many process industries.
The development of porous layers (or membranes ), low pres-
sure drop adsorbent fibre module and membrane technology
(with a high surface area and low cost) 1s an important ele-
ment of the mtroduction of new energy saving and environ-
mentally Iriendly technologies all over the world. For
example, such technology 1s applicable for valuable material
recovery and recycling, pollution control, wastewater treat-
ment, as substrate for other selective layers and recovery of
material from waste gases.

[0003] The hollow fibres according to the present invention
can be prepared economically with widely varying physical
configurations while utilizing many types of 1norganic mate-
rials. Furthermore, 1t has been found that large amounts of
these fibres can be produced with only nomainal losses due to
flaws and imperfections due to the method of production.

[0004] The hollow fibres produced by the process of this

invention comprise essentially imnorganic materials which are
sintered to form uniform pore hollow tube form fibre. The
sinterable 1norganic materials comprise a very large group of
materials. The preferred sinterable morganic materials are
metals or adsorbents. Nickel, 1iron and their alloys are particu-
larly usetul. The sinterable inorganic materials can be ceram-
1cs, such as aluminium oxide, bentonite, or mixtures, such as
iron metal/aluminium oxide, titanium carbide/nickel, etc. An
extremely important contribution of the present invention 1s
the ability to produce defect free, compact fibres with narrow
pore range 1n the inside and outside dense skin layer. It 1s
therefore a first object of the present invention to prepare
hollow fibres with a narrow pore range and a very small pore
S1ZE.

[0005] Currently separation/recovery systems use gran-
ules, membrane tubes and ceramic monoliths which can be
casily damaged and are expensive to replace—therefore more
low cost, high surface area, robust, flexible, fibres with thin
separation layers are required. Membrane thickness 1s an
industnially important property because the thickness of a
porous layer can affect flux and selectivity. It 1s therefore an
object of the present invention to prepare fibres with good
filtration properties with various pore sizes; adsorption
capacity, kinetic properties and good mechanical strength. A
turther object of the present invention 1s to prepare inorganic/
ceramic fibres with increased flexibility when compared with
fibres of the prior art which are brittle and easily broken.

[0006] Porous layers can also be impregnated with adsor-
bents to tailor the functionality of the fibres. The present
invention 1s therefore also directed towards the preparation of
silicalite or zeolite hollow fibres and hollow fibres with spe-
cific functionality. These fibres may be inorganic or ceramic
fibres or they may be polymeric fibres including the func-
tional adsorbent.

[0007] The current synthesis routes often include impreg-
nation of precursors or the use of chemicals for zeolite depo-
sition. This 1s both time consuming and expensive. An object
of the present invention 1s therefore to provide a synthesis

Dec. 10, 2009

route for producing defect free compact fibres, which 1s
simple and 1n which production times and costs are dramati-
cally reduced.

[0008] Certain types of dense polymeric membranes or
porous layers offer good potential for selective VOC (Volatile
Organic Compounds) removal using vapour permeation or
pervaporation processes due to their high permeability. How-
ever, current limitations arise from their limited selectivities
for organics over air or water and low flux. The addition of an
adsorptive filler to the polymeric membrane has been dem-
onstrated to be an effective way to improve membrane per-
formance by enhancing membrane sorption capacity for one
or more ol the compounds to be separated. W0O2004/
003268 A1 discloses such a process.

[0009] Inorder for porous fibre to be an effective separator,
the layers should have high composition of adsorbent mate-
rials—635-85% 1s typical in commercially available adsorbent
pellets. At higher compositions a dense skin 1s not fully
formed and fibres tend to have slight defects or pin holes and
this tends to give high fluxes. Adsorbents in the matrix are
therefore not fully utilised and this 1s inefficient and conse-
quently expensive.

[0010] The application of zeolite-filled membranes for
vapour permeation 1n VOC control processes 1s an example of
such an addition. In view of the solution-diffusion mecha-
nism for molecular transport, ideal fillers for preparation of
VOC-selective polymer membranes should have hydropho-
bicity and high sorption capacity for organic compounds and
fast diffusion of the organic molecules within the adsorbent
filler. An 1deal candidate for this task would be high silica
zeolite. Zeolites can be used as adsorptive fillers for many
separations for improving membrane properties because of
their unique crystalline microporous structure, surface chem-
1stry, thermal and mechanical strength. Many other adsor-
bents such as silica and MCMs could be incorporated 1nto the
structure depending on the final properties which are desired.

[0011] Zeolite particles were embedded 1n an 1norganic or
polymeric matrix/membrane to change the transport proper-
ties of the membrane. The selectivity performance of the
zeolite-filled membranes was 1improved compared with the
unfilled membrane. The results suggested that the higher the

percentage of silicalite 1n the structure the better the perfor-
mance.

[0012] Therefore an aim of the present invention 1s to
develop defect free hollow fibres with a high percentage of
adsorbent materials with polymer or with binder.

[0013] Silicalite-filled poly[dimethylsiloxane] (PDMS)
membranes were {irst applied for the combined pervaporation
and fermentation of alcohol-water mixtures in a membrane
bioreactor. Both selectivity and permeability of silicone rub-
ber membranes were enhanced by the mcorporation of sili-
calite during pervaporation of ethanol/water mixtures. This
was due to the lower water sorption capacity of silicalite.
Also, the alcohol could diffuse through both the zeolite and
polymer phases, while water had to follow a more tortuous
path due to the hydrophobicity of silicalite.

[0014] Zeolites have been used mainly 1n large scale
adsorption and catalytic processes in pellet form. The use of
adsorbents 1n hollow fibre form 1s rare. Membrane tubes with
zeolite layers used for VOC control generally have a ratio of
membrane area-to-volume of 30-250 m*/m>. Higher surface
area to volume ratios would result 1n more eflicient recovery
and 1t 1s therefore an aim of the present invention to develop
adsorbent hollow fibres suitable for removing VOCs.
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[0015] According to a first aspect of the present invention,
there 1s provided a hollow fibre 1n which the mean pore size in
one or more layers 1s less than 100 um. Such fibres can be
produced economically and reliably ie without defects, and
are useful to a range of process industries where fibres with a
small pore size are required. The mean pore size 1s preferably
controlled to be 1n the claimed range 1n the outer surface and
this may optionally be less than 50 um, 10 um, 1 pm, 100 nm
or even less than 10 nm. The porosity may be even throughout
the complete fibre or may vary across the fibre. In some cases
there will be different porosities across the cross section of the
fibre. In particular, there may be a higher porosity towards the
centre of the fibre. It 1s 1n the outer surface of the fibre that the
mean porosity must be controlled to provide the strength of
fibre aligned with the filtration properties desired.

[0016] The fibre may be an norganic fibre which comprises
an morganic powder and a binder. The fibre may also include
additional components to mtroduce specific functionality or
properties into the fibre. Details of preferred components may
be found 1n the following examples and in the claims. The
inorganic hollow fibre may have a flexibility of greater than 5°
bending angle from the mid point of the fibre. Optionally the
bending angle 1s greater than 10°, 15° or greater than 20° or
30°. A preferred range for the bending angle 1s 20-30°. The
bending angle of fibres produced according to the present
invention was measured by taking a 20 cm length of the
inorganic fibre, mounting this on two rods, one at each end,
and one of the rods was moved downwards at a speed of 2
cm/min until the fibre snapped. The angle of tlex (bending
angle) was then measured between the mid point of the fibre
in the horizontal position to the end point where the fibre
snapped.

[0017] Thefibre may be an organic or polymeric fibre com-
prising a polymer, a binder and an adsorbent material. The
fibre may include additional components to introduce specific
functionality or properties 1nto the fibre. Details of preferred
components may be found 1n the following examples and 1n
the claims.

[0018] According to a turther aspect of the present imven-
tion, there 1s provided a hollow fibre which has a mechanical
strength (load) of greater than 200 g force at a crosshead
speed of 1.0 mm/min for sample which has an effective sur-
face porosity of 0.1-0.2 (e/q° calculated from Knudsen flow
method). Optionally the load at breaking point 1s greater than
250 g force or greater than 300 g force. A preferred range 1s
250-800 g, more preferably 1s 300-700 g force and most
preferred 400-6350 g. Increased mechanical strength may be
obtained by producing multiple layer fibres using novel spin-
nerets. Particularly preferred are double or triple layer fibres.
Double layer fibres are stronger than single layer fibres (see
FIG. 40q) and triple layer fibres are mechanically substan-
tially stronger than double layer (the strength 1s more than

double)—see FIG. 405.

[0019] A further advantage to the production of double or
triple layer fibres (in addition to the substantially increased
mechanical strength) 1s that the fibres are largely defect free.
With two or three layers of the same composition, any defects
in one layer are extremely unlikely to be mirrored by a similar
defect 1n the next layer. The net effect 1s that there are no pin
holes 1n the fibre produced and 1t can therefore be used as an
elficient porous layer or membrane.

[0020] Further, 1t 1s possible to have different compositions
in the two or more layers. It 1s therefore possible to produce a
fibre where each layer 1s tailored towards a particular prop-
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erty. For example, the inner layer may be of a composition to
provide a particular strength to the fibre, but the outer layer
may be constructed to have a particularly small pore size for
nanofiltration.

[0021] According to a further aspect of the present mnven-
tion, there 1s provided a porous hollow fibre which has an area
to volume ratio greater than 1,000 m*/m°. The area to volume
ratio may be in the range 1,000-10,000 m*/m°, preferably
1,000-6,000 m*/m”, and most preferably 2,000-4,000 m*/m".
Some commercial membrane tubes have a ratio of membrane
area-to-volume in the range 30-250 m*/m>. Multichannel
monoliths (130-400 m*/m”) and honeycomb multichannel
monoliths have higher ratios (800 m*/m?), but higher ratios
still can be obtained with the hollow fibres of the present
invention (for example, greater than 3,000 m*/m?).

[0022] According to yet another aspect of the present
invention, there 1s provided an adsorbent hollow fibre includ-
ing a high percentage of adsorbent material. According to one
embodiment, there 1s at least 65% adsorbent material, pret-
erably at least 75% and more preferably at least 80%. The
adsorbent material 1s a silicalite, preferably a zeolite and more
preferably a high silica zeolite. Including a zeolite 1n the
composition restricts the operating temperature range for the
drying and firing (if present) processes. Zeolites lose their
functionality 1f subjected to temperatures of greater than
approximately 750° C.

[0023] Thefibre may be polymeric or inorganic. If the fibre
1s polymeric there will be no firing step 1n the method of the
present invention.

[0024] According to the present invention the problem with
higher compositions of adsorbent materials having adsor-
bents in the matrix not being utilised has been overcome by
passing the slightly heated dope with pressure through the
spinneret and also itroducing a thin second layer with lower
composition of adsorbent 1n the dope or pure polymer laver.

[0025] The adsorptive/separation properties of zeolite, sili-
calite fibres and their particulate counterparts are good and
have been tested 1n a laboratory-scale flow system using
n-butane as the adsorbate. With this new method, low pres-
sure drop devices with unique adsorbent properties and a high
surface area per unit volume ratio can be achieved with a
range ol adsorbents to target a range of pollutants. The pro-
posed method 1s not limited to particular adsorbent materials,
for example silicalite; 1n principle many adsorbent materials
or catalytic or metallic powders may be used. This method
can produce a range of adsorbent fibres with low mass trans-
fer resistance.

[0026] The fibres of the present invention are advantageous
over the prior art fibres for many reasons which will become
clear from the subsequent description and examples, but they
include the following. The strong multi-layer fibres of the
present invention have been produced by a single stage pro-
cess. This 1s simpler and cheaper than the prior art processes
where single mnorganic tube membranes need to be coated
with an inorganic material and sintered a number of times to
obtained desired pore characteristics. This 1s expensive.

[0027] The outer diameter of the ceramic fibres produced
can be 10 um-2.5 cm depending on the diameter of the spin-
neret and the number of layers used. Therefore, lightweight
and compact membranes could be made using a single hollow
fibre or a cluster ol narrower fibres as appropriate. The hollow
fibres are nanoporous or microporous and can be tailored to
exhibit significant gas fluxes, bending strength (flexibility)
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and bursting pressure (7-135 bar). The properties of the fibre
can be tailored to individual situations.

[0028] Flexible hollow fibres are much more resistant to
stresses caused during installation, operation and service, and
because they can be much smaller 1n diameter and thus the
surface area to volume ratio 1s much larger, bundles of such
fibres can process a great deal more gas/liquid than existing
tubular membranes (and thus are far more economical).
[0029] Existing methods of production cannot be used to
produce etther (1) flexible matenials or (1) multilayer high-
absorbency fibres 1n one step. Attempts have previously been
made to coat the material in a zeolite using hydrothermal
synthesis and a sol-gel techmique. This 1s a more complicated
and unnecessary extra step which takes two days in an auto-
clave.

[0030] If multiple layers of the same composition are used,
a stronger fibre 1s produced which has fewer or no defects
running through the fibre. The technique has increased the
skin thickness as well as 1ts porosity hence maintains its
clfectiveness as a membrane. Double or triple layer fibres
have not previously been produced using high adsorbent pow-
der compositions 1n the dope to achueve defect free polymer/
adsorbent fibres. It1s difficult to produce pin holes/defect free
adsorbent fibres with single layer spinning and furthermore,
adsorbent capacity 1s not be fully utilised and it 1s difficult to
obtain high separation factors using a single layer product.
The method and products of the present invention can over-
come these problems 1in a number of ways.

[0031] Firstly spinning a double layer fibre with two or
three zeolite compositions (inner layer with low zeolite com-
position and outer layer with higher composition of zeolite to
create a dense wall or visa versa). Secondly, during triple
layer spinning having a zeolite formation gel sandwiched
between two polymer layers followed by hydrothermal syn-
thesis.

[0032] Also, spinning dopes with high adsorbent composi-
tions are known to be very difficult to handle. The present
invention enables an improved molecular sieving pervapora-
tion membrane at a lower cost. Existing membranes do not
have sullicient selectivity towards the desired species to be
separated and/or suilicient flux rates.

[0033] If different compositions are used for the different
layers, then 1t may be possible to have a selective membrane
which can absorb different compounds at different rates. It 1s
also possible to have one layer present for one property (for
example, increased strength) and another layer for another
property (for example, selectivity towards a particular mol-
ecule or compound). According to another aspect of the
present mvention, there 1s provided a method for preparing
porous hollow fibres, 1n which a spinning dope 1s prepared in
a viscous or gel form, filtered using a mesh, the dope is
degassed 1n a piston delivery vessel attached to a spinneret,
the vessel 1s pressurised using an 1nert gas using jets, the dope
1s extruded through the spinneret to form a fibre precursor, the
precursor 1s washed, dried and optionally fired.

[0034] The mnorganic hollow fibres formed by the method
of the present invention are the result of the controlled solidi-
fication process. First a spinning mixture or dope 1s prepared
from a polymer, a solvent, a binder and an mnorganic powder.
Subsequently, the produced mixture 1s extruded through a
spinneret mto a bath of non-solvent. This non-solvent,
selected from a number of internal coagulants including tap
water, 1s also mtroduced through the bore of the spinneret.
Exchange of solvent and non-solvent leads to thermodynamic
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instability of the spinning mixture and induces liquid-liquid
demixing. Further exchange leads to solidification of the
polymer-rich phase. The precursor 1s washed and dried to
remove any residual solvent and further heated in a monolith
to a high temperature (for example, 750° C.) to burn off the
polymer from the precursor.

[0035] The fibre produced by this method comprises the
inorganic compound and the binder. Further details of pos-
sible components may be found 1n the following examples
and 1n the claims.

[0036] The produced compact fibres show very good qual-
ity and may have different porosities across the cross section
of the fibre with a preferred total porosity in the range
30-55%, 1n particular 35-45%. Average pore size and etlec-
tive surtace porosity of the hollow fibres can be determined by
Knudsen flow method. In one embodiment, the fibres pro-
duced have a pore size in the microfiltration (MF) range (10
um=pore diameter=0.1 mm). In another embodiment, the
fibres produced have a pore size in the ultrafiltration (UF)
range (100 nm=pore diameter=1 um). In a still turther
embodiment, the fibres produced have a pore size in the
nanofiltration (NF) range (pore diameter=1 nm). It has not
been possible to produce morganic fibres with nanoporosity
using the methods of the prior art. The only way that very
small pore si1zes could be achieved was by means of applying
a coating to the fibre which 1s a very expensive process.

[0037] Theinorganic fibre may be used as a porous layer or
membrane which offers chemical and thermal stability for 1t
to be used 1n separation processes where organic polymer
membranes cannot be used (e.g., at high temperatures 1n the
presence ol organic solvents or oxygen). Although tubular
inorganic membranes (e.g. ceramic monoliths) could be used,
these have some major drawbacks, including: (a) high price;
(b) long and complicated production process; and (c¢) low
surface area per unit volume (A/V rati10). The high price 1s not
merely due to the starting materials, but can be attributed to
the complicated, time and energy consuming production pro-
cess, which generally comprises several sequential steps.
First a support layer 1s made to provide mechanical strength to
the membrane. Subsequently, on top of this support one or
more intermediate layers have to be coated, before the final
separation layer can be applied. Each step includes an expen-
stve heat treatment. A reduction of or a combination of steps
1s desired to cut production time and costs and thereby mem-
brane price. The price could be decreased even further by
increasing the A/V ratio of the membranes.

[0038] The method of the present invention allows for vis-
cous liquids and gels to be extruded, 1n contrast to prior art
systems where high solids concentration in the spinning dope
(1.e. a gel form rather than a liquid) has caused substantial
problems 1n the spinning process. Where products of such
processes have been produced they have not had a uniform
structure and have been riddled with defects. It has also not
been possible to produce nanoporous fibres with pore sizes in
the range of 1-20 A.

[0039] According to another aspect of the invention, there
1s provided a membrane comprising a number of hollow
fibres of the present invention. The membrane preferably has
a high surface area and may particularly employ adsorbent
fibres. Any number of fibres may be used to form the mem-
brane to meet the specific requirements including, for
example, a surface area/volume ratio, or physical limitations
on where the membrane 1s to be used. Further properties of the
membranes may be found 1n the attached claims.
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[0040] According to a further aspect of the present mven-
tion, there 1s provided apparatus for the extrusion of a fibre,
comprising one or more delivery vessels, a spinneret fed by
the delivery vessels, a coagulation bath and a washing bath.
Further optional features will be clear from the following
examples and the claims.

[0041] According to a still further aspect of the present
invention, there 1s provided a triple orifice spinneret for the
extrusion of a double layer fibre and according to another
aspect of the apparatus there 1s provided a quadruple orifice
spinneret for the extrusion of a triple layer fibre. Advantages
of fibres produced using this apparatus have been described
above and further advantages will become apparent from the
discussion of the examples below. The claims set out optional
features of the spinnerets of the present invention.

[0042] The invention may be put into practice in a number
of ways and a number of embodiments are shown here by way
of example with reference to the following figures, in which:
[0043] FIG. 1 shows in schematic form the apparatus for
the generic spinning procedure according to the present
imnvention;

[0044] FIG. 2 1s a graph showing a plot of a typical firing
temperature programme for ceramic hollow fibres;

[0045] FIGS. 3-7 show scanning electron micrographs
(SEMs) of the fibres produced by examples 1, 2, 4, 5 and 6
respectively;

[0046] FIG. 8 shows in schematic form the apparatus for
the generic spinning procedure for a double layer fibre
according to another aspect of the present invention;

[0047] FIGS. 9 to 14 show SEMs of the fibres of examples
13 to 18;
[0048] FIGS. 15 and 16 show SEMs of the fibres of

examples 19 and 20;

[0049] FIG. 17 1s a graph showing a plot of a firnng tem-
perature programme for ceramic hollow fibres including
zeolitic materials 1n the precursors;

[0050] FIGS. 18 and 19 are SEMSs of Inorganic Adsorbent
Hollow Fibres produced according to examples 21 and 24;

[0051] FIG. 20 1s a collection of SEMs of inorganic adsor-
bent hollow fibres produced according to example 25, both
single and double layer;

[0052] FIGS. 21 to 23 are SEMs of 1norganic adsorbent
hollow fibres produced according to examples 26-28;

[0053] FIGS. 24 to 26 are photographs of embodiments of
double, triple and quadruple orifice spinnerets according to an
aspect of the present invention;

[0054] FIGS. 27 to 30 show the component parts for a triple
orifice spinneret for use 1n the production of a double layer
fibre:

[0055] FIGS. 31-37 show a quadruple orifice spinneret for
use 1n the production of a triple layer fibre;

[0056] FIG. 38 shows a quadruple orifice spinneret includ-
ing an additional access point for the introduction of a thin
layer of adsorbent as an outer coating;

[0057] FIG. 39 shows an alternative design for the qua-
druple orifice spinneret 1n which each of the chambers has
independent feeds;

[0058] FIG. 40 shows schematically three different designs
for producing triple layer fibres using a quadruple orifice
spinneret;

[0059] FIG. 41 shows a pressure vessel suitable as a deliv-
ery vessel for any spinneret of the present invention;

[0060] FIG. 42 shows schematically the apparatus used to
measure the breakthrough for Butane Adsorption;
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[0061] FIG. 43 shows scanming electron micrographs
showing cross-sections of silicalite/polymer composite hol-
low fibres prepared from 25 wt % polymer solution using
three diflerent solvents 1n examples 29-31 showing respec-

tively (1) cross-section, (2) membrane wall, (3) membrane
surface, FI1G. 43a Example 29 (DMF); FI1G. 4356 Example 30

(NMP); FIG. 43¢ Example 31 (DMACc);

[0062] FIG. 44 shows a comparison of the breakthrough
curves ol butane onto composite silicalite hollow fibres (sili-
calite 75%: polymer 25% w/w) of examples 29 to 31 with
those of commercial pellets (silicalite 75%: binder 25%
W/W);

[0063] FIG. 45 shows a turther set of breakthrough curves
of butane onto silicalite hollow fibres in comparison with two
commercial pellets; and

[0064] FIGS. 464 and 465 show the mechanical strength of
compact fibres—single, double and triple.

[0065] A first aspect of the present invention 1s directed
towards a method of production of hollow fibres. This method
may generically be described as follows.

Generic Method for Production of Inorganic Fibres

[0066] One ormore spinning dopes are prepared depending
on whether the fibre 1s to be a single, double, triple, etc layer
fibre. For each spinning dope, a suitable solvent 1s poured into
a 500 ml wide-neck bottle, and the desired quantity of poly-
mer 1s slowly added. The mixture 1s stirred with a rotary pump
to form a polymer solution and once the polymer solution
becomes clear, the desired amount of the very fine ceramic
powder 1s slowly added. The mixture 1s then stirred with an
IKA® WERKE stirrer at a speed of 500-1000 rpm for 2-4
days until the ceramic powder 1s dispersed uniformly in the
polymer solution and from the vigorous stirring the mixture 1s
turned into a gel. The mixture 1s heated, then filtered through
a 100 um Nylon filter-bag in order to remove any agglomer-
ated or large particles and the mixture 1s then placed on a
rotary pump for 2-4 days to degas and to form a uniform
spinning dope.

[0067] The fibres are then produced by spinning using an
appropriate spinneret followed by heat treatment. Referring
to FIG. 1, the mixture 5 1s transierred to a stainless steel piston
delivery vessel and degassed using a vacuum pump for two
hours at room temperature—this ensures that gas bubbles are
removed from the viscous polymer dope. The spinning pro-
cess 1s then carried out with the following parameters:

[0068] 1. Theheated tank 10 (heating wire around the tank)
1s pressurised to 4 bar using a mitrogen jet 12 and this 1s
monitored by means of a pressure gauge 14. Release of the
dope mixture S to the spinneret 20 1s controlled by means of
a piston 16 and valve 18. The delivery vessel 1s long and
small 1n diameter to maintain uniform pressure for longer
period with in the vessel. The higher the pressure in the
tank, and theretfore the pressure of the precursor dope pass-
ing through the spinneret, the smaller the fibre produced

[0069] 2. A tube-in-orifice spinneret 20 1s used with an
orifice diameter of, for example, 2 mm and an inner tube
diameter of 0.72 mm, 1n order to obtain hollow fibre pre-
cursors. This double orifice spinneret 1s for a single layer
fibre. For two or more layers, triple or quadruple spinnerets
are used and feeds are arranged appropnately. Bore liquad
(or the internal coagulant) 23 1s also fed to the spinneret 20
and 1s controlled by means of a gear pump 22. If less bore
liquid 1s pumped through the spinneret the hollow core of
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the fibre will be smaller and the walls will be thicker. By
changing the delivery pressure properties of the fibres
could be changed

[0070] 3. The air gap 24 between the bottom of the spin-
neret 20 and the top surface of the coagulation bath 26 1s
typically varied in the range 0-3 cm. Increasing the air gap
will cause the outer “skin” of the fibre produced to be more
dense whereas a smaller air gap will produce a product with
more open layers and the fibre will be more porous.

[0071] 4. The fibre 30 once extruded from the spinneret 1s
passed over a series of rollers 28 through a washing bath 27
to a fibre storage tank 29.

[0072] 5. Water 1s used as the iternal and external coagu-
lator for all spinning runs as bore liquid 25 and as bath
liquid 1n water baths 26 and 27. A low concentration of
other solvents also could be added to improve precipitation
rate ¢.g. ethanol, methanol, n propanol.

[0073] The precursor 1s run through the water bath 26 to
complete the solidification process and then the hollow fibre
30 1s washed thoroughly 1n the second water bath 27. Care
must be taken to ensure that the hollow fibre 1s not subject to
mechanical dragging during the spinning process. Continuity
in the pressure 1s important to deliver polymer dope gel as
well as uniform delivery of the internal coagulant 1n order to
avold entrapment of air and separation of the fibre which
would otherwise result 1n unsuccesstul spinning. A guide

motor 31 helps to control the movement of the fibre through
the water baths. The hollow fibre precursors are then lett to
soak for 3-4 days 1n fresh water 1n the fibre storage tank 29 1n
order to remove any residual solvent. The precursors are then
dried 1n ambient conditions for seven days before firing.

[0074] The double orifice spinneret 20 1s designed to be
able to extrude gel mixtures which have been difficult to
handle 1n the apparatus and processes of the prior art. In
particular, 1n prior art processes, when the solids content of a
zeolite fibre has been at a high level (for example 40-50%
solids), it has been difficult to extrude a consistent {ibre with
substantially uniform properties. Using the double orifice
spinneret of the present invention, gels with solids contents
of, for example 85%, can be handled and the resulting fibre 1s
substantially uniform. As explained in further detail below,
the method of the present invention can also be used with
triple and quadruple orifice spinnerets which will respectively
produce double and triple layer fibres.

[0075] The firing preferably takes place 1n a multichannel
monolithic device to provide uniform distribution of heat to
the fibres and also to support the fibre along the complete
length such that a uniform straight fibre 1s produced. The
monolithic device with the fibres in 1t 1s then placed 1n a
CARBOLITE fumace and fired in accordance with the
desired heat treatment programme. Typically this may be as
follows (and as indicated 1n FIG. 2):

[0076] Increasing the temperature from room temperature
to 600° C. at a steady rate of 4° C./min and holding the
temperature at 600° C. for 1 hour to remove any water trapped
within the pores of the fibre and any organic polymer binder
left within the structure of the ceramic hollow fibre. Increas-
ing the temperature of the furnace to 1450° C. 1n stages. In a
first stage the temperature 1s raised to 900° C. at 3° C./min.
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Secondly the temperature 1s increased to 1100° C. at 2.5°
C./min and finally the temperature 1s raised to 1450° C. at a
rate of 2° C./min. The temperature 1s held at 1450° C. for 5-8
hours 1n order to allow fusion and bonding to occur. The fired
product 1s then allowed to cool to room temperature naturally
and the product is ready for use. The final sintering tempera-
ture 1s preferably between 1500-1600° C. The strength of the
ceramic fibre produced 1s increased with temperatures up to
1600° C. However surface porosity i1s reduced above 1500° C.
and there 1s therefore a trade-off 1n the properties of the final

product. Flux 1s also reduced when the product 1s sintered
above 1600° C.

Examples 1 to 6
Porous Ceramic Hollow Fibres

[0077] These fibres are produced according to the generic
method described above using the compositions set out in
table 1 below.

[0078] Table1 below shows the physical properties of these
fibres and FIGS. 3-7 show SEMs of cross sections of fibres
from examples 1, 2, 4, 5 and 6 respectively. Table 1 shows 1t
1s possible to prepare fibres with a very small pore si1ze and all
types of pore membrane from a liquid or from a gel using the
method of the present invention. Depending on the pore size
of the resulting fibre, it may be suitable for microfiltration,
ultrafiltration or nanofiltration as set out above.

[0079] FIGS. 3a-3¢ show defect free micro filtration Alu-
mina fibres (sintered at 1600° C.) with an average pore diam-
cter of 240 nm. Examples 1 and 2 were mainly produced from
1 um large particles and two different sintering temperatures
to make more compact fibres which have a high-flux and are
defect free. FIGS. 3(a)-(¢) show SEMSs of cross-sectional
structures of micro filtration fibre sample example 1 after
sintering at 1600° C. FIG. 3(a) shows a tubular structure with
uniform wall thickness; F1G. 3(5) shows the finger like mor-
phology to minimise the mass transier resistance, and FIG.
3(c) shows magnification at x500.

[0080] FIGS. 4(a)-(c) show micro filtration fibres (sintered

at 1550° C.) prepared according to example 2. Average pore
diameter 190 nm. FIG. 4(a) shows a tubular structure with
uniform wall thickness at x85 magnification; FI1G. 4(b) shows
a more open pore structure to minimize the mass transier
resistance at a magnification of x430; and FIG. 4(c) magni-
fication at x1800 showing surface structure.

[0081] FIGS. 5(a)-(c) show ultra filtration fibres sintered at
1550° C. prepared according to example 4. Average pore
diameter 20 nm, effective surface porosity 2780 m~'. FIGS.
6(a) and (b) show micro filtration fibres sintered at 1600° C.
in accordance with example 5. Average pore diameter 80 nm,
effective surface porosity 30 m™". FIG. 6 shows the cross-
section of micro filtration fibre produced according to

example 3, FI1G. 6(a) showing tubular structure with uniform
wall thickness at x70 magnification and 6(b)x370 magnifica-
tion.

[0082] FIGS. 7(a)-(c)show two layer dense micro filtration
fibres sintered at 1550° C. Average pore diameter 20 nm.
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TABLE 1
(Gas
permeability

Al,O5 powder (molm™— Pa!ts™!) Average  Water Flux

used Sintering (N2, pore ke m~h™!

1/0.3/0.01-0.02 Viscosity ~ Temperature Fiber OD/ID 1.01325x 10° Pa  diameter by 50 L
Example No.  NMP/Pest Al,O;/Pest  (um) (Pa - s) (°C.) (mm) (1 atm)) (nm) vacuum
1 4/1 5.5/1 97 g/0/3 g 6.9E+0 1600 1.2/0.9 1.24 x 107 240 614
(1600° C.)
(MF)
2 4/1 5.5/1 97 g/0/3 g 6.9E+0 1550 1.2/0.9 9.36 x 107 109 356
(1550° C.))
(MF)
3 4/1 5.5/1 97 g/0/3 g 6.9E+0 1450 1.2/0.9 12.36 x 107> 155 440
(1450° C.))
(MF)
4 5/1 5/1 0/80 g/20 g 8.96E+0 1550 1.1/0.8 1.76 x 107 20-40 46
(1550° C.))
(UF)
5 4/1 5/1 50 g/30 g/20 g 12.9E+0 1600 1.2/0.9 3.78 x 107° 80 95
1600° C.)
(ME/UF)
6 4.5/1 5/1 65 g/20g/15 g 10.6E+0 1550 1.3/0.8 5.01 x 107/ 6 564
Two layer 6/1 2.4/1 0/15g/85 g 16.6E+0
(UF)
[0083] It has been found that the finer the powder 1n the pores. Theuse of such small particles turns the dope 1into a gel.

pre-cursor, the more the polymer dope takes on a gel nature.
A viscosity less than 7 Pa-s, polymer/powder dope 1s consid-
ered to be a liquid and viscosity greater than 7 1t 1s considered
to be a gel. With 1 um particles, at higher temperature (1550
or 1600° C.) the stronger the fibre and good water flux. With
fine powder (0.01 um) strong fibres could be produced at
lower temperature (1450° C.) which saves energy—produces
finer pore, high porosity, very good water tlux.

Examples 7 to 12
Flexible, Porous Ceramic Hollow Fibres

[0084] These fibres are produced according to the generic
method described above with the following differences.
[0085] 1. The organic solvent used 1s 1-methyl-2-pyrroli-
done (INMP) (99+% Spectrophotometric Grade). The poly-
mer used 1s polyethersulifone (PESF) or polysulione. The
ceramic used 1s commercially available aluminium oxide
powder with a particle diameter o1 0.01-1 um (a surface area
10 m*/g).

[0086] 2. For micropores to be formed (10-100 um pore
s1zes), a high percentage of fine ceramic powder (0.01 um)
was required in the spinning dope to produce the small pores
in the fibres. Flexible fibres could be made with large particles
as well, but small particles (0.01 um) are essential for small

Al,O; powder
NMP/  Al,O;/ used (wt %)
Example PESF  PESF 1/0.3/0.01-0.02 create

Additive to

Such gels are very difficult to spin, hence prior art systems
have previously only used larger particles to avoid gel forma-
tion—and thus only large pore sizes have previously been
made. An additional thin layer of alumina sole has to be
deposited on the macropore support to produced fine pore
membranes.

[0087] 3. After the ceramic power was dispersed (i.e.,
before the filtration step in the preparation of the spinning
dope) fumed silica (99.8% pure) and/or magnesium oxide
and/or high silica zeolite (30% w/w) 1s slowly added to the
mixture—this 1s what subsequently provides the flexibility in
the fibres. Also adding lead bisilicate fnit or fine standard
borax irit to the dope adds tlexibility in the fibres. Standard
alumina hollow fibres produced by prior art methods are very
rigid and hence can easily break or damage during transport,
assembly of the process equipment, or operation.

[0088] 4. During the filtration step the dope was heated
slightly.
[0089] 5. Distilled water was used as the internal coagulant

and tap water as the external coagulant rather than tap water
being used for both coagulants.

[0090] Table 2 sets out details of precursor mixture com-
positions and fibre spinning conditions and results obtained
during flexibility studies for examples 7 to 12.

TABLE 2

Degree of
fAexibility:

Bending angle

from muid point Pore

of the fibre S1ZE

No. (wt %) (wt%) (um) Flexibility (Horizontal)  (nm) Spinning parameters
7 6/1 4.2/1 100 g/0/0 14 ¢ Fumed 20° 90 Coagulation bath temperature (° C.) 15-20
silica Internal coagulant (ml/min) 6-8
8 5/1 3.6/1 100 g/0/0 9 g fumed silica 19° 88 Nitrogen pressure (bar) 3-6
4.5 g magnesia Alr gap (cm) 0-3
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TABLE 2-continued

Degree of
fAexibility:

Al,O5 powder
NMP/  ALO;/ used (wt %) Additive to
Example PESF  PESF 1/0.3/0.01-0.02 create

Bending angle
from mid point Pore
of the fibre s1zZe

No. (wt %) (wt%) (um) Flexibility (Horizontal)  (nm) Spinning parameters

9 6/1 6/1 0/80 g/20 g 11 g fumed 26° 20 Linear extrusion speed (rpm) 46
silica Bore liquid
4.5 g magnesia water

10 5/1 4.9/1 0/85 g/15¢g 9 g fumed 25° 8 External coagulant
silica water
45 ¢
magnesia

11 4/1 5.5/1 97g/0/3¢g Lead 30° 200
bisilicate frit

12 4/1 5.5/1 0/75 g/25 g 25 gsilicalite 25° 6

[0091] The fibres were flexible but maintained good tensile [0095] Forspinning, two delivery vessels 10a, 105 (or more

strength. The flexibility was measured by taking 20 cm length
ol morganic fibre, mounted on two rods and one of the rods
was moved downwards at 2 cm/min speed until the fibre
snapped. Then the angle of flex was measured between mid
point of the fibre (from horizontal) to the distance travel
before 1t was snapped.

EXAMPLES

Double and Triple Layer Hollow Fibres

[0092] These fibres are produced according to the method
described 1 examples 1 to 3 above for each layer required
with the compositions varying as appropriate.

[0093] Apparatus as set out in FIG. 8 was used to form
double layer fibres. The apparatus includes a triple orifice
spinneret and two solution feeds. Typical dimensions of the
triple orifice spinneret are external layer (d_ 4.0 mm, d, 3.0
mm), internal layer (d_ 2.0 mm,d, 1.2 mm), and bore (d__ .
0.8 mm). Triple and quadruple orifice spinnerets for use in the
production of double or triple layer fibres are described in
turther detail below. For a triple layer fibre, apparatus similar
to that shown 1n FIG. 8 1s used but there will be an additional
third solution feed for the third layer.

[0094] Examples of fibre spinning conditions and precur-
sor mixture compositions used are given below.

as may be required) are prepared, one pressurised to 2 bar
using nitrogen 12, and the other delivery vessel 1s further
pressurised to 2.5-4 bar using a nitrogen jet. In order to
maintain uniform pressures to piston delivery vessel pressure
controllers were used. These provide gel feeds Sa and 55 to
the triple orifice spinneret with the feed 5a providing the inner
layer of the fibre and feed 56 providing the outer layer. For
firing the double layer fibres produced, the heating program
set out 1n FIG. 2 was employed.

[0096] The fibres produced by this method may have two or
more layers. This method has the advantage of reduced pro-
duction costs when compared to prior art methods and also
enables the introduction of layers with different functional
properties and mixed matrix compositions.

Examples 13 to 18
Ceramic Double Layer Hollow Fibre Membranes

[0097] Table 3 below shows the compositions for examples
13-18 together with the properties of the ceramic double layer
hollow fibre membranes produced. Examples 13 and 14 are
double layer with same composition and are included as they
form the basis for the double layer different composition
fibres of examples 135-18.

TABLE 3
(as
permeability
Al,O; powder Average (molmZPals™1) Water flux Inner layer

Fibre used pore (N2, (L/hr - m?) viscosity (Pa - s) Water flux
Example OD/ID Al,OL/PESEF 1/0.3/0.01-0.02 diameter 1.01325 x 10° Pa  Vacuum pump: Outer layer (kg/hr - m?)
No. (mm) (wt %)  (um) (nm) (1 atm)) 10 L/min viscosity (Pa s) pump: 50 L/min
13 1.27/0.9 4/1 75/22/3 109.5 2.85 x 107 3214 4. 74E+0 615
(1500° C.) 75/22/3 4. 74E+0
14 1.2/0.77 5/1 0/85 g/l5 g 1.5 2.55 x 107 340 10.9E+0 930
(1450° C.) 0/85 g/l5 g 10.9E+0
15 1.38/0.9 4/1 75/22/3 113 1.56 x 107 200.8 4.74E+0 798
(1470° C.) 5/1 0/85 g/l5 g 10.6E+0
two layer
16 1.43/0.95 4/1 75/22/3 10.3 2.61 x 107> 296.43 4. 74E+0 859
(1450° C.) 5/1 0/85 g/l5 g 10.6E+0
17 1.2/0.6 5.5/1 0/75 g/25 g 1.7 4.56 x 107° 328 11.6E+0 910
(1500° C.) 5.6/1 0/60 g/40 g 14.6E+0

(NF)
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TABLE 3-continued

(as
permeability
Al,O5 powder Average (molm™~Pa~ls1) Water flux Inner layer

Fibre used pore (N2, (L/hr - m?) viscosity (Pa - s) Water flux
Example OD/ID Al,O4/PESF 1/0.3/0.01-0.02 diameter 1.01325 x 10° Pa  Vacuum pump: Outer layer (kg/hr - m?)
No. (mm) (wt %)  (um) (nm) (1 atm)) 10 L/min viscosity (Pa s) pump: 50 L/min
18 1.18/0.9 5/1 0/70 g/30 g 2.6 1.78 x 107 360 12.6E+0 860
(1450° C., 4/1 0/50/50 15.6E+0
[0098] FIGS. 9 to 14 show SEMs of the fibres of examples composition. This ensured that there were no defects 1n the

13 to 18. In FIGS. 13(a)-(c) and 14(a)-(c), the SEMs show the
cross-sectional structures of example 17 and 18 respectively
made from high composition of 0.02-0.01 um alumina pow-
der after sintering. These fibres have pore sizes ol 1.7 and 2.6
nm respectively (see Table 3). The fibres are compact and
defect free. FIGS. 13(a) hollow fibre with uniform wall thick-
ness; (b) and (¢) finer pore structure. FIGS. 14(a)-(c) show
Scanning Electron Micrographs of example 18 after sintering
at 1450° C.; (a) Thick wall hollow fibre with uniform wall
thickness of 300 um; (b) showing pore structure and (¢) wall
of the fibres with finger like macro voids.

[0099] Examples 15 and 16 are double layer fibres com-
prising the compositions of example 13 as the inner layer and
example 14 as the outer layer. The fibres of Example 16 were

sintered at 1450° C. while 1n Example 15 they were sintered
at 14°70° C.

Examples 19 and 20
Triple Layer Fibres

[0100] Tnple layer fibre production was with a specifically
designed spinneret adapted to extrude high powder composi-
tions 1n the spinning dopes (see FIGS. 31 to 40).

[0101] Two spinneret designs were used for three layer
spinning. In a first design one piston delivery vessel could be
used for feeding through the spinneret to all annular channels
surrounding the bore fluid stream for each hollow fibre layer.
The delivery pressure was maintained at 4 bar using pressure
controllers. The resulting product had three layers of the same

Al,O; powder

used

NMP/PESEF Al O4/PESEF 1/0.3/0.01-0.02

Ex. No. (wt %) (wt %)  (um)
19 Internal dope
571 4.9/1 0/84.7/15.3
Middle layer dope
571 5/1 0/85/15
External dope
571 5/1 0/85/15
20 Internal dope
571 4.9/1 0/85/15
Middle layer dope
571 4.9/1 0/85/15
External dope
4/1 5.7/1 97/0/3

fibre produced, and in particular no pin holes or windows 1n
the fibre through which gases or liquid could pass without
being separated. The fibre was also stronger than a single or
double layer fibre of the same composition would be. The
thickness of the separation layer, depending on delivery pres-
sure, was found to have 1-2 nm pores. Also the novel qua-
druple orifice, triple layer spinneret has been design to
accommodate introduction of a thin layer of functional mate-
rials or adsorbent precursor or catalytic layer in to the outer
layer (through the outer annular channel.

[0102] In a second design, spinning dope for each layer
needed to be delivered to the spinneret separately using three
pressurised piston delivery vessels. For spinning, three deliv-
ery vessels are prepared, one pressurised to 2 bar using nitro-
gen, and two other delivery vessels further pressurised to
2.5-4 bar (middle layer) and 5-6 bar respectively (37 delivery
vessel for outer layer) using nitrogen jets. In order to maintain
uniform pressures to the piston delivery vessel pressure con-
trollers were used.

[0103] A quadruple orifice spinneret (see FIGS. 26 to 32) 1s
employed with typical specifications (d_, /d. ) of 5 mm/4 mm
for the outer layer and 3.5 mm/2.5 mm for the intermediate
layer and 2 mm/1.1 mm for the internal layer. A bore diameter
of 0.8 mm was used to obtain the hollow fibre precursors.
[0104] These fibres are produced according to the method
described 1 examples 1 to 3 above for each layer required
with the compositions varying as appropriate and set out in
examples 13 and 14 above. Table 4 shows compositions and
properties ol two triple-layer fibres.

TABLE 4
Sintering
Temp (° C.) Spinning parameters
1450 Coagulation bath temperature (° C.) 20
Injection rate of internal coagulant (ml/min) 8
Nitrogen pressure (bar)(Middle) 2.5-4
Alr gap (cm) 0-3
Linear extrusion speed (rpm) 48
Bore liquid (6 ml/min) water
External coagulant water
Viscosity Pa - s 12-13E+0
1450 Coagulation bath temperature (° C.) 20
Injection rate of internal coagulant (ml/min) 8
Nitrogen pressure (bar)(Internal) 2-3
Nitrogen pressure (bar)(Middle) 4-5
Nitrogen pressure (bar)(External) 3
Alr gap (cm) 0-3
Linear extrusion speed (rpm) 48
Bore liquid water

External coagulant water
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Al,O; powder
used
NMP/PESF  Al,O,/PESF 1/0.3/0.01-0.02 Sintering
Ex. No. (wt %0) (wt %)  (um) Temp (° C.) Spinning parameters
Viscosity Pa - s (Intemmal and middle) 12-13E+0
Viscosity Pa - s (External) 7-10E+0
[0105] FIGS. 15 and 16 show SEMs of triple layer fibres 15% binder 85% adsorbents) The mixture 1s stirred for

produced according to examples 19 and 20. FIG. 15 gives a
triple layer fibre with the same composition. It can be seen
that there 1s a dense separative layer with fine pores 1n the
middle and long finger like macrovoids formed in the outer
layer. In the external coating fibre (FIG. 16) the different
layers can be clearly seen but with a very dense outer layer.
With triple layer fibres 1t 1s therefore possible to produce
strong {fibres with substantially increased mechanical
strength. The fibres are also defect free and very fine pore
s1izes can be produced. Additional functionality could be
introduced 1nto the fibre, 1n particular 1n the outer layer.

Examples 21 to 25
Inorganic Adsorbent Hollow Fibres

[0106] These fibres are produced according to the generic
method described above with the following differences.
These changes apply equally to single layer and multiple
layer fibres.

[0107] 1. The organic solvent used 1s 1-methyl-2-pyrroli-
done (NMP) (99+% Spectrophotometric Grade, Merck) or

N,N-Dimethylformamide (DMF) (99.8%, A.C.S., Reagent,
Aldrich), DMF—(60 g for both NMP, DMF combined). The
polymer used 1s Polyethersulione (PESF) or Polysulfone
(PSF) (Radel A-300, Ameco Performance, USA)—(10.5 g).
[0108] 2. A binding agent 1s added after the polymer solu-
tion becomes clear—tor example, soit borax irit or lead bisili-
cate Irit. Generally 25% w/w of binder 1s added but it could be

approximately 2 days before 200 mesh silicalite powder (HI-
SIV 3000-purchased from UOP) 1s then added through a 300
nm British Standards mesh. A further one to two days of
stirring 1s then required to achieve a homogeneous mixture.

[0109] 3. The mixture was filtered through 100 um filter
bag in place of the filtering in step 1e of the generic procedure.
[0110] 4. The presence of zeolitic maternals 1n the hollow
fibre precursors, prevents the use of heat treatment above
760° C.—therr adsorbency/molecular sieving properties
would reduce. Therelore, the temperature program shown in
FIG. 17 was used. The temperature 1s increased from room
temperature to 180° C. at a steady rate of 5° C./min and then
raised to 500° C. at 2° C./min. The temperature 1s held at 500°
C. for 4 hours and then the temperature 1s increased to 750° C.
at a rate of 3° C./min. The temperature 1s held at 750° C. for
1, 2 or 3 days 1n order to allow fusion and bonding to occur.
[0111] Table 5 sets out details of precursor mixture com-
positions and fibre spinning conditions for examples 21 to 25.
The properties of silicalite/polymer composite hollow fibre
membranes prepared from 15 wt % polymer solutions con-
taining 20 wt % 1norganic binders such as Bentonite, Hyplas
clay, Zircon opaque and Standard-borax irit, low expansion
trit, lead bisilicate, Lead Sesquisilicate irit, are respectively
given. The highest butane adsorption breakthrough time (1 h
and 40 minutes) was found with fibres made from lead bisili-
cate as a binder. The concentration 6,000 ppm butane, flow
rate 1 1/min and silicalite weight of the samples and other
parameters were kept constant throughout the experiments.

TABLE 5
(ras
permeability Breakthroug
(molm—~ Pa~!ts™!)  Time with
Average (N2, butane
Example No Solvent/PESF  Adsorbent/PESE Silicalite/Binder pore size 1.01325x 10° Pa  adsorption
Sample name  (weight ratio)  (weight ratio) (welght ratio) (nm) (1 atm)) (min)
21 DME/PESF (Silicalite + Bentonite))PESEF  Silicalite/Bentonite 570 342 x 107 32
AD 1025 5.5/1 5.3/1 3/1
22 DME/PESE (silicalite + Hyplas)/PESFE Silicalite/Hyplas 544 488 x 107 50
AD 2026 5.5/1 5.3/1 clay
3/1
23 DME/PESE (Silicalite + Hyplas Silicalite/Hyplas 600 3.13x 107 35
AD 3027 5.5/1 clay + Zircon opaque)/PESF  clay/Zircon opaque
6/1 3/1/0.5
24 DME/PESF (Silicalite + Standard borax Silicalite/Standard 1090 443 x 107 45
AD4 028 5.5/1 frit)/PESF borax fit
6.67/1 3/1
25 DME/PESF Lead Bisilicate frit - Silicalite/Lead 768 3.63x 107 160

Double-layer  5.5/1
(25% binder,
75% silicalite)

hollow fibres)

Bisilicate frit
3/1
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TABLE 5-continued

(as
permeability Breakthroug
(molm™“Pa~!s™!)  Time with

Average (N2, butane
Example No Solvent/PESF  Adsorbent/PESE Silicalite/Binder pore size 1.01325x 10° Pa  adsorption
Sample name  (weight ratio)  (weight ratio) (weight ratio) (nm) (1 atm)) (min)
25 DME/PESF Lead Bisilicate frit - Silicalite/Lead 768 5.63 x 107 100
Single-layer 5.5/1 hollow fibres) Bisilicate frit
(25% binder, 3/1

75% silicalite)

[0112] The fibres produced by this method were 1norganic
hollow fibres incorporating zeolite materials and exhibited
high flux, selectivity and stability. Such fibres could be used
to enable selective removal of organic solvent molecules such
as butanol, acetone and ethanol from gas or liquid phase; or
pervaporation. The process of this example avoids the need
tor hydrothermal synthesis or sol-gel processes which might
otherwise be required to deposit a zeolite layer—this process
1s therefore much quicker and more scalable.

[0113] The hollow fibres of this method (metal, 1norganic
or polymer matrix) may combine zeolites/silicalites/meso-
pore high silicamolecular sieving materials, catalytic or other
functional material, with or without additional layers (thus
forming a composite fibre). Such fibres could be used to
enable pervaporation, dehydration, molecular sieving/sepa-
ration of a molecule/mixture of molecules, .e.g., for blood
detoxification, for retrieval (concentration) of organic or bio-
logical materials such as proteins etc. The addition of silicate
materials can provide flexibility and strength, as well as
adsorbency.

[0114] FIG. 18 shows the scanning electron micrographs of
silicalite/polymer composite hollow fibre membrane pre-

pared according to example 21 after sintering at 750° C. for 3
days. FIG. 18(a) shows a cross-section; FIG. 18(b) the mem-
brane cross section; and FIG. 18(c¢) the membrane surface.

[0115] The figures reveal a nodular structure with strong
bridges between the silicalite clusters. This 1s because Stan-
dard borax frits are ceramic materials whose fused tempera-

Poiseuille flow method

ture 1s around 900° C. Standard borax irit and Lead Bisilicate
frit found to melted around 700-7350° C., 1deal temperature
required to prepare pure adsorbent fibres. The adsorption
capacity of silicalite tends be destroyed when the sintered
temperature exceeds 800° C., so that the morganic binders
used must have low melting/hardening temperatures. A great
deal of effort has been made to find a suitable binder which
does not effect by the solvent or polymer used during the
spinning dope preparation.

[0116] FIG. 19 shows the scanning electron micrographs of
silicalite/polymer composite hollow fibre membrane pre-
pared according to example 24 both pre-sintering and after
sintering at 750° C. for 3 days. FIGS. 19(a)-(c) are for the
pre-sintered hollow fibre membrane and FIGS. 19(d)-(f) are
for the sintered membrane. In each case the images (a)-(c) and
(d)-(1) are (1) cross-section, (2) membrane wall, (3) mem-
brane surface respectively.

[0117] FIG. 20 shows the SEMs for the single and double
layer 1norganic silicalite hollow fibres (25% lead bisilicate as
a binder and 75% silicalite). FIGS. 20a-c are for the double
layer fibres and FIGS. 20d-f are for the single layer fibre.

Examples 26 to 28

Adsorbent Hollow Fibres

[0118] Table 6 gives data for three further examples of
adsorbent fibres (with 4A zeolite for moisture removal/per-
vaporation) according to the present invention. The fibres
produced are flexible polymeric and inorganic adsorbent hol-
low fibres.

TABLE 6

Knudsen (Gas permeability

Eifective flow method (molm™ Pa~ls™) Water flux

Fibre Average skin surface Average pore (N2, (L/hr - m?)
Example OD/ID pore diameter  porosity, /L, diameter 1.01325 x 10° Pa  Vacuum pump:
No. (mm) (nm) (m™1) (nm) (1 atm)) 10 L/min
26 1.55/0.9 520 875 340 458 x 107 634.6
Inorganic
double layer
4 A/binder
(70:30 wt %)
27 1.58/0.8 1120 1448 710 598 x 107 834.6
inorganic
4A/binder
(65:35 wt %)
28 1.82/1.26 486.6 573 243.3 2.82 x 107 166.2
(Polymer/4A,

15:85 wt %)
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[0119] FIG. 21 shows SEMs showing cross-sectional struc-
tures of 4A zeolite adsorbent and Lead bisilicate frit 70:30

fibres produced according to example 26 after sintering at

750° C. FIG. 22 shows SEMs showing cross-sectional struc-
tures of 4A zeolite adsorbent and Lead Bisilicate frit 65:35

fibres made according to example 27 after sintering at 750° C.
FIG. 22(a) shows a hollow fibre with uniform wall thickness;
FIG. 22(b) shows a dense adsorbent wall; and FIG. 22(c)

shows 4A zeolite crystals embedded within the matrix.

[0120] FIG. 23 shows an SEM showing cross-sectional
structures of double layer 4 A zeolite adsorbent and polymer
15:85 prepared according to example 28.

Triple Onfice and Quadruple Orifice Spinneret

[0121] FIG. 24 1s a photograph of embodiments of a triple
orifice spinneret (left) and a quadruple orifice spinneret.
These will be described 1n further detail below. FIG. 25 15 a
photograph of the components of one embodiment of a triple
orifice spinneret and FIG. 26 1s a photograph of one embodi-
ment of a quadruple orifice spinneret.

Triple Onifice Spinneret

[0122] FIGS. 27 to 30 show the components for one
embodiment of a triple orifice (double layer) spinneret. FIG.
2’7 shows a base module 110 to which the precursor feeds are
fed and to which the delivery chambers are attached. The
precursor feeds may be the same or different and may there-
fore be fed from the same reservoir (not shown). Alterna-
tively, they may be of different composition and accordingly
supplied from different reservoirs under controlled pressure
conditions. Feed 112 1s for the bore liquid which passes
through the centre of the fibre to form the hollow core. Pre-
cursor feeds 114, 116 are for the two layers of the fibre. At the
outlet 118 of the base module 110 1s a screw thread (not
shown) to which the delivery chambers are secured.

[0123] FIG. 28 shows the outer delivery chamber 120

which controls the precursor feed for the outer layer of the
fibre. At the inlet end 122 of the chamber there 1s provided an
external thread 123 to secure the chamber to the base module
110, and an internal thread 124 to which the second chamber
130 1s secured. At the outlet, there 1s a circular orifice 126 at
the end of a neck region 127. This orifice 126 will, when the
spinneret 1s assembled, have further outlets passing though 1t
leaving an annular passage through which the material for the
outer layer will pass. The outer diameter of this orifice may,
for example, be 4 mm. The angle 0 of the slope directing the
maternial to the orfice 1s preferably 60° but may be from
45-65°. Ideally the angles throughout the spinneret should
remain constant for all chambers to maintain uniform deliv-
ery of the precursor material.

[0124] FIGS. 29 and 29a show the second delivery chamber

130 which together with the outer delivery chamber controls
the precursor feed for the outer layer of the fibre. At the inlet
end 132 of the chamber there 1s provided a securing ring 134
which has an external thread dimensioned to cooperate with
the mternal thread 224 of the first chamber 120. The ring 134
has channels 135 cut 1n the ring at regularly spaced intervals.
In a preferred embodiment there are eight channels spaced
evenly around the circumierence of the ring. These channels
permit the tlow of the precursor feed for the outer layer to pass
from the reservoir, through the spinneret to the outlet 136 of
the second delivery chamber.
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[0125] The outlet takes the form of a circular orifice 136
and the orifice extends 1n a neck 137 dimensioned to fit inside
the neck 127 of the first delivery chamber thereby forming the
channel for the intermediate material. This orifice will, when
the spinneret 1s assembled, have further outlets passing
though 1t thereby leaving an annular passage through which
the material for the inner layer will pass. The outer diameter
of this orifice 137 may, for example, be 3.9 mm and the
internal diameter may be 3.5 mm. The angle 0 of the external
slope of delivery chamber 130 must be the same as 0 1n the
first delivery chamber to maintain the width of the passage
through which the outer layer tlows. This will also minimise
pressure losses 1n the spinneret. The angle ¢ of the internal
slope which will direct the inner layer of material to the outlet
1s preferably the same as 0, namely preferably 60°, but may be
from 45-65°. As mentioned above, the angles preferably
remain constant throughout the spinneret to ensure uniform
flow.

[0126] FIGS. 30, 30a and 306 show the third delivery
chamber 140 which controls the precursor feed for the inner
layer of the fibre. At the inlet end 142 of the chamber there 1s
provided a ring 144 which rests against the ring 134 of the
second delivery chamber 130. The ring 144 has channels 145
cut 1n the ring at regularly spaced intervals. In a preferred
embodiment there are four channels spaced evenly around the
circumierence of the ring. These channels permait the flow of
the precursor feed for the inner layer to pass from the source,
through the spinneret to the outlet 146 of the third delivery
chamber. Corresponding channels 145¢q are also found on the
cap at the front end of the chamber which includes the outlet
146.

[0127] Again, the outlet takes the form of a circular orifice
146 and the orifice extends in a neck 147 dimensioned to fit
inside the neck 137 of the second delivery chamber thereby
forming the channel for the intermediate material. The outer
diameter of this orifice 147 may, for example, be 2.5 mm and
the internal diameter (1.e. the diameter of the hollow core of
the produced fibre) may be 2.1 mm. The angle ¢ of the
external slope of delivery chamber 140 must be the same as ¢
in the second delivery chamber to maintain the width of the
passage through which the inner layer flows. This will also
minimise pressure losses 1n the spinneret. The angle o of the
internal slope which will direct the bore fluid to the outlet of
the spinneret 1s preferably the same as 0 and ¢, namely pret-
erably 60°, but may be from 45-65°. Constant angles through-
out the spinneret enable uniform delivery of precursor.
[0128] The precursor for the inner layer of the fibre passes
on the outside of the third delivery chamber, bounded on the
other side by the second delivery chamber. The bore liquid
passes through the centre of the third delivery chamber to the
needle outlet 146.

Quadruple Orifice Spinneret

[0129] FIGS. 31 to 37 show the components for one
embodiment of a quadruple orifice, triple layer fibre spin-
neret. F1IG. 31 shows the spinneret 200 assembled. It com-
prises six members each of which 1s shown 1n greater detail in
the following figures. Typical dimensions of the spinneret are
140 mm length by 70 mm diameter.

[0130] FIG. 32 shows the base module 210 to which the
precursor feeds are fed and to which the delivery chambers
are attached. The precursor 1s fed through three feed inlets
spaced around the perimeter of the module 210. Two of these
inlets are shown as 214, 216. The third (not shown) may be
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arranged such that 1t extends out 1n an orthogonal direction
from feeds 214, 216. The feeds may all be the same compo-
sition thereby producing a fibre of one composition, but
greater strength and with fewer defects, and 1n this case the
inlets are fed from the same reservoir (not shown). Alterna-
tively, the feeds may be of two or three different compositions
and accordingly supplied from different reservoirs (not
shown) under controlled pressure conditions. Feed 212 1s for
the bore liquid feed which passes through the precursor mate-
rial and forms the hollow core 1n the fimished product. At the
outlet 218 of the base module 218 1s a screw thread (not
shown) to which the delivery chambers are secured.

[0131] FIG. 33 shows the outer delivery chamber 220
which controls the precursor feed for the outer layer of the
fibre. At the inlet end 222 of the chamber there 1s provided an
external thread 223 to secure the chamber to the base module
210, and an internal ridge 224 to support the second chamber
230. At the outlet, there 1s a circular orifice 226 at the end of
a neck region 227. This orifice 226 will, when the spinneret 1s
assembled, have further outlets passing though 1t leaving an
annular passage through which the material for the outer layer
will pass. The outer diameter of this orifice may, for example,
be 4 mm. The angle 0 of the slope directing the material to the
orifice 1s preferably 60° but may be from 45-65°. Ideally the
angles throughout the spinneret should remain constant for all
chambers to maintain uniform delivery of the precursor mate-
rial.

[0132] FIGS. 34 and 34a show the second delivery chamber
230 which controls the precursor feed for the intermediate
layer of the fibre. At the inlet end 232 of the chamber there 1s
provided a securing ring 234 which has an external thread
dimensioned to cooperate with the internal thread 224 of the
first chamber 220. The ring 234 has channels 235 cut in the
ring at regularly spaced intervals. In a preferred embodiment
there are 8 channels spaced around the circumierence of the
ring. These channels permit the flow of the precursor feed for
the intermediate layer to pass from the source, through the
spinneret to the outlet 236 of the second delivery chamber.

[0133] Again, the outlet takes the form of a circular orifice
236 and the orifice extends 1n a neck 237 dimensioned to it
inside the neck 227 of the first delivery chamber thereby
forming the channel for the intermediate material. Again, this
orifice will, when the spinneret 1s assembled, have further
outlets passing though it thereby leaving an annular passage
through which the material for the inner layer will pass. The
outer diameter of this orifice 237 may, for example, be 3.9 mm
and the internal diameter may be 3.5 mm. The angle 0 of the
external slope of delivery chamber 230 must be the same as O
in the first delivery chamber to maintain the width of the
passage through which the intermediate layer flows. This will
also minimise pressure losses in the spinneret. The angle ¢) of
the internal slope which will direct the inner layer of matenal
to the outlet 203 1s preferably the same as 0, namely prefer-
ably 60°, but may be from 435-65°. As mentioned above, the
angles preferably remain constant throughout the spinneret to
ensure uniform flow.

[0134] FIGS. 35, 354 and 356 show the third delivery
chamber 240 which controls the precursor feed for the inner
layer of the fibre. At the inlet end 242 of the chamber there 1s
provided a ring 244 which rests against the ring 234 of the
second delivery chamber 230. The ring 244 has channels 245
cut 1n the ring at regularly spaced intervals. In a preferred
embodiment there are four channels spaced around the cir-
cumierence of the ring. These channels permait the tlow of the
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precursor feed for the intermediate layer to pass from the
source, through the spinneret to the outlet 246 of the third
delivery chamber. Corresponding channels 245a are also
found on the cap at the front end of the chamber which
includes the outlet 246.

[0135] Again, the outlet takes the form of a circular orifice
246 and the orifice extends 1n a neck 247 dimensioned to {it
inside the neck 237 of the second delivery chamber thereby
forming the channel for the intermediate material. Again, this
orifice will, when the spinneret 1s assembled, have further
outlets passing though 1t thereby leaving an annular passage
through which the material which will form hollow core of
the fibre will pass. The outer diameter of this orifice 247 may,
for example, be 2.5 mm and the internal diameter may be 2.1
mm. The angle ¢ of the external slope of delivery chamber
240 must be the same as ¢ 1n the second delivery chamber to
maintain the width of the passage through which the inner
layer flows. This will also minimise pressure losses 1n the
spinneret. The angle o of the internal slope which will direct
the bore fluid to the outlet 205 1s preferably the same as 0 and
¢), namely preferably 60°, but may be from 45-65°. Constant
angles throughout the spinneret enable umiform delivery of
precursor.

[0136] FIG. 36 shows aturther chamber 250 through which
the bore fluid flows. Attached to this chamber at the front end
1s a bore needle 260 as shown in enlarged form 1n FIG. 37. The
bore needle 260 will define the dimension of the inner hollow
core of the fibre and may therefore be varied from embodi-
ment to embodiment as appropriate. The inlet 252 of the

chamber 250 1s arranged to cooperate with the bore liquid
inlet feed 212 of base module 210. The shoulders 253 abut the

inner surface 213 of the base module 210. The shoulders 254
abut the ling 244 at the inlet end of third chamber 240. The
shoulder portion 254 has matching channels which line up
with the channels 245 1n ring 244. There 1s also a small gap
below the shoulder 254 to allow further passage of the pre-
cursor fluid. The core 255 of the chamber 250 has an external
diameter d, and an internal diameter d,. Preferred values for
d, and d, may be 8 mm and 4 mm respectively but any values
in the range 1-20 mm may be appropriate for a specific
embodiment.

[0137] At the front end of chamber 250 there 1s an outlet
256. Towards this end the core may increase 1n internal diam-
eter to accommodate the bore needle 260 (see FI1G. 37). For
example the internal diameter may increase from 4 mm to 5.2
mm. The bore needle 260 1s arranged to fit inside the outlet
256 of chamber 250 as a snug push fitting. The dimension d,
of the bore needle may, for example, be 5 mm to {it inside the
outlet end 256 of the chamber 250 having an internal diameter
o1 5.2 mm. The diameter of the needled_  may be in the range
0.1-5 mm, more preferably 0.5-3 mm, for example 1 mm.
This defines the size of the hollow core of the fibre. The angle
. should be the same as 1n the third delivery chamber 240 to
maintain the width of the passage through which the precur-
sor fluid flows. As indicated above, o 1s preferably 60°, but
may be 1n the range from 45-650.

[0138] FIG. 38 shows a similar view to FIG. 31, but the

spinneret has an additional access point 270 for the imntroduc-
tion of a thin layer of adsorbent or other functional material.
This will form an outer coating in addition to the three layers
of the fibre. This thin layer may be present to help the selec-
tivity of the fibre for a particular adsorbate.

[0139] FIG. 39 shows an alternative design for the qua-
druple orifice spinneret 1n which each of the chambers has
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independent feeds. The arrangement of the chambers 1s s1mi-
lar to that described with respect to FIGS. 31 to 37 above but
cach chamber has clear and separate precursor feeds which do
not all pass through the base module.

[0140] FIG. 40 shows schematically three different designs
for producing triple layer fibres using the quadruple orifice
spinneret. F1G. 40a shows a spinneret 280 for the delivery of
gel precursor of one composition from a single piston pres-
sure vessel 282. The fibre produced 1s stronger and defect
free. The bore liquid passes from reservoir 281 through the
centre of the spinneret 280 to form the hollow core of the
fibre. Each of the channels leads to the outlet 290 which may
take the form shown in FIG. 404d. FI1G. 405 shows a spinneret
280 for the delivery of three different compositions from three
different delivery vessels 283, 284, 285, the pressure of which
1s controlled independently. Each composition may have dii-
terent types of adsorbent with different functional properties
attached to them. Using this system it 1s possible to produced
compact fibres with very small particles to achieve small
pores of the order of 1-2 nm. FIG. 40¢ shows a design for the
delivery of two different compositions. The two 1nner layers
are of the same composition fed from delivery vessel 286 and
the outer layer 1s of a different composition from delivery
vessel 287. This fibre has the advantage of a stronger fibre
with fewer defects of a first composition, with an outer layer
which 1s specifically chosen to have the functional properties
required, for example 1n the choice of adsorbent.

[0141] FIG. 404 shows a typical arrangement of the outlet
290 of the spinneret 280. The three concentric rings of pre-
cursor each have a thickness of 0.5 mm. For example, the
inner core formed by the bore liquid may have a diameter a of
1.1 mm. The outer diameter of the first layer of precursor then
has a diameter b of 2.1 mm. The intermediate layer has an
inner diameter ¢ of 2.5 mm and an outer diameter d o1 3.5 mm.
The outer layer has an mner diameter of 3.9 mm and an outer
diameter of 4.9 mm.

[0142] FIG. 41 shows a pressure vessel 300 suitable as a
delivery vessel to the spinneret. The precursor gel 301 1s
maintained under pressure by means of jets of nitrogen 302
being applied to a plate type piston 303. The pressure 1s
measured by means of a pressure gauge 304. The precursor 1s
fed out of the vessel 300 through the outlet means 303 to the
appropriate feed of the spinneret. As shown 1n FIG. 41, the
outlet 1s conically shaped and may be, for example, 5-15 mm
in diameter, preferably 10 mm. The vessel 300 1s made of
stainless steel and may have dimensions of 150-200 mm
height by 60-80 mm diameter. The delivery vessel can also be
heated by a heating tape.

Examples 29 to 31

Comparison of Solvents

[0143] The adsorbent material used for the membrane was
200-mesh silicalite powder (MHSZ 423) purchased from
UQOP. Polyethersulione (PESF) was used as the polymer.
N,N-dimethylacetamide (DMAc) (99.9%, HPLC Grade,
Merck), 1-methyl-2-pyrrolidone (NMP) (99+%, Spectropho-
tometric Grade, Merck), and N,N-Dimethylformamide
(DMF) (99.8%, A.C.S., Reagent, Aldrich), were used to pre-
pare the polymer solution. Polyvinylpyrrolidone (PVP)
(Sigma, Mw=10,000) and Acetone (Aldrich) were used as
additives. Distilled water was used as an iternal coagulant.
Tap water was used as the external coagulant.
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[0144] The required quantity of orgamic solvent (NMP,
DMACc or DMF) was poured into a one-litre wide-neck bottl
and then the desired quantity of polymer (PESF) was slowly
added. The mixture was stirred on a rotary pump to form the
polymer solution. After the clear polymer solution was
formed, a desired amount of mnorganic adsorbent (silicalite)
powder was then added and the mixture was stirred for two
days to ensure a good dispersion. This 1s important in the
spInning process, as aggregates can lead to unstable spinning,
and blocking of the spinning dye. An IKA® WERKE stirrer
was used at a speed of between 500-1000 rpm. PVP or
acetone as an additive was introduced 1nto the solution to
modulate the viscosity of the mixture when required. The
compositions of the spinning mixtures used are given 1n Table
7. coagulator for all spinming runs. Finally, in forming the
adsorbent hollow fibre, 1t was passed through a water bath to
aid the phase mversion process. The hollow fibre was then
washed thoroughly 1n a second water bath. Care was taken to
ensure continuity of the pressure and internal water support in
order to avoid entrapment of air and separation of the fibre,
which would eventually result 1n an unsuccessiul spinning.
The hollow fibres were lett to soak for 3-4 days in fresh water;
this being important for thorough removal of residual solvent.
The fibres were then dried at ambient conditions for seven
days before regeneration (firing) and characterization.

Characterisation
Scanning Electron Microscope (SEM)

[0145] A scanning electron microscope (SEM) was used
for the characterization of all the hollow fibre membranes.
The surface structure, particle size and silicalite distribution
in the matrixes were observed using the JEOL JSM6310
model. All samples were dried at 105° C. for 24 hours before
use. Firstly, the sample was frozen in liquid nitrogen for 20-30
seconds and then sectioned using a sharp blade. Then, a
specimen plate was coated with a thin layer of gold under 3
mbar pressure for 3-5 minutes with the Edwards Sputter
Coater (S150B). The SEM was operated in the range 10-20
kV and micrographs were taken of a number of areas on each
sample.

Viscosity Test

[0146] The viscosity values of the spinning dopes were
obtained by using a Bohlin CS 50 Rheometer (Stress Viscom-
etry Model). In order to spin fibres, the viscosity of the poly-
mer dope should be generally between 7-18 Pa-s. It 1s impor-
tant when applying polymer dope, that the correct amount 1s
used. Over filling or under filling will result 1n errors in
V1SCOSsity.

(Gas Permeation Test

[0147] Dead-end gas permeation experiments were carried
out to determine the characteristics and performance of the
fibres. Fibres were sealed with Araldite® at one end and
nitrogen pressure was applied on the outside of the fibre at the
other end. Nitrogen flow was measured at different trans-
membrane pressures by a Brooks mass flow indicator. Nitro-
gen was supplied by BOC gases. For purpose of determining
porosity and pore size distribution of adsorbent filled poly-
meric fibres poiseuille tlow equations were used. The average
pore size (1) and the effective surface porosity (defined as the
ratio of the surface porosity and the effective pore length,
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€/L.,), are two 1mportant parameters of a membrane. The
intercept (K, ) and slope (P,) were determined by plotting the
pressure-normalized permeation flux against average pres-
sure. The average pore size (r) and the effective surface poros-
ity, €/L,, were calculated from the following equations:

r=(16/3)(Py/Ko)(SRT/mM) V21 (1)

€/L,=8uRTPy/r" (2)

where R 1s the gas constant, T the absolute temperature, M the
molecular weight and p the gas viscosity.

[0148] The average pore size and elflective surface porosity,
€/q2 of 1morganic fibres were determined by Knudsen flow
equations. Where € 1s the surface porosity and q 1s the tortu-
osity factor.

Adsorption by n-Butane Breakthrough Curve

[0149] Adsorption capacity of the adsorbent fibres were
determined by dynamic adsorption experiments using appa-
ratus shown in FIG. 42, details of which are given below.

[0150] Referringto FIG. 42, the breakthrough apparatus for
butane adsorption 1s shown. The adsorption bed was purged
with nitrogen to remove any remaining traces of impurities
including moisture which might have been prematurely
adsorbed when the column was installed, and adsorption
experiments were carried out between 20 and 25° C. If the bed
had been previously reactivated 1n the separate regeneration
unit, 1t was transierred into the test-system with great care to
avold exposing the adsorbent to air, which could result 1n
contamination.

[0151] Gas tlow through the adsorption column was verti-
cally upwards during all adsorption experiments. Once the
bed had reached the desired temperature, 1t was then 1solated
from the rest of the system by means of the 3-way valve at the
bottom (V6 1n FIG. 42) and a 2-way plug valve at top of the
column (V8). This leit the adsorbent 1n a stagnant pure nitro-
gen environment while the nitrogen tlow bypassed the bed
and tflowed to the vent. After ensuring that the feed composi-
tion and tlowrate were steady and as required, the adsorption
run was commenced by switching the 3-way valve (V6) to
permit feed flow. At this instant the feed check-bypass valve
(V11) was closed and the 2-way valve (V8) at the top of
column was opened to direct eftfluent to a Flame Ionisation
Detector (FID), and data logging was initiated.

[0152] Throughout the experiment, the feed flowrate and
temperature together with the column pressure were moni-
tored manually, while the effluent concentration and tempera-
ture of the column were acquired by the computer every ten
seconds. The run was terminated when the effluent concen-
tration detected by the FID was approximately the same as the
teed concentration or when the changes between sample mea-
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surements became almost imperceptible. The experimental
runs can last between a few hours to several days. Following
each run, the feed concentration and flowrate, and all tem-
peratures were again checked and recorded. An 1mportant
property of the adsorbent fibre 1s the equilibrium loading and
it was evaluated directly from the breakthrough curves to
compare loading of volatile on adsorbent fibres.

[0153] The adsorption column contained a fixed amount of
adsorbent material (14 g), whether hollow fibre pellets (bro-
ken 1into 5.0x1.4 mm pieces) of silicalite hollow fibre module
or the commercial pellets of silicalite (1.0x1.18 mm mesh,
purchased from UOP). The physical properties of the fibres
used are shown 1n Table 8. N-butane was selected as a model
VOC to compare the dynamic adsorption performance of the

commercial silicalite and hollow fibres prepared from three
different solvents, DMF, DMAc, NMP. Example 29 (DMF/

PESEF), Example 30 (NMP/PESF) and Example 31 (DMAc/
PESF) contained similar silicalite: polymer ratios o1 75:25 w
%. Commercial pellets used also have a silicalite: binder ratio
of 75:25 w %. The total gas flow rate was fixed at 1.5 'min™"
and the concentration of n-butane was also fixed at 6000 ppm
in nitrogen.

[0154] The feed concentration and the progress of the
breakthrough curve from the adsorption column were con-
tinuously monitored with a flame 1on1sation detector (Signal
Instruments, model 3000). Prior to all adsorption experi-
ments, the adsorbent materials were regenerated for 24 hours
under a nitrogen flow (1 1'min™") at 200° C. All adsorption
experiments were carried out at 25° C. The gas flow through
the column was upwards for adsorption and downwards dur-
ing the regeneration part of the cycle. The experiments were
terminated when the n-butane concentration 1n the effluent
from the column became equal to the feed concentration.

Results
Adsorbent Hollow Fibre (SEM and Gas Permeation)

[0155] FIGS.43(a), (b) and (¢) show the SEM micrographs

of silicalite/polymer composite hollow fibre membranes pre-
pared from 25 wt % polymer using three different solvents.
The adsorbent fibres are perfectly formed and symmetrical
and the thickness of the wall 1s approximately 300 um. The
micrographs show that the morganic adsorbent particles are
present 1 the cavities of the polymer matrix and not
entrapped 1n the polymer 1itself. Most importantly 1t shows
that the silicalite particles are not covered by a polymer coat-
ing. It seems that the particles act as nucle1 around which the
polymer lean phase can grow. Table 8 presents the results of
pore size, elfective surface porosity and nitrogen permeabil-
ity for the adsorbent hollow fibres developed.

TABLE 8
Effective
Average (Gas permeability surface
pore (molm~“Pa~ls™)  porosity
Solvent/PESF  Silicalite/PESF diameter (N2,1.01325 x (m™),
Example No. (weight ratio)  (weight ratio) (nm) 10° Pa (1 atm)) c/L,
Ex 29 DME/PESEF 4 Silicalite/PESE 3 609 2.66x 107 400
(DMFE/PESF)
Ex30 NMP/PESF 4  Silicalite/PESE 3 740 3.06x 107 349
(NMP/PESF)
Ex 31 DMACcC/PESF 4 Silicalite/PESFE 3 235 1.03x 107 530

(DMAC/PESF)



US 2009/0305871 Al

[0156] It was found that 1n order to spin good fibres with
high 1norganic powder content, the viscosity of the polymer
dope should be between 8-18 Pa-s. The viscosity of dope
prepared from NMP (10.7 Pa-s) found to be higher than the
dopes prepared from DMF (9.2 Pa-s) and DMAc (8.6 Pa-s).
As the viscosity of the spinning solution increased the wall
thickness of the fibre have increased. The SEMs show that the

wall thickness have increased as follows: Example 31 (0.3
mm)<Example 29 (0.35 mm)<Example 30 (0.47 mm).

[0157] The N, permeation of the membrane prepared from
NMP 1s higher than that of the fibres prepared from DMF and

DMACc as a solvent. High molecular weight NMP may have
influenced the polymer solution to form large pores and easily
leach out from the fibre membrane during the phase inversion
process. As FIGS. 43(a), (b) and (¢) show, the cross-sectional
structures of the silicalite/polymer composite hollow fibres
are similar for each membrane. However, near the inner wall
of the hollow fibre of FIG. 43(d), large cavities are formed.
The micrographs reveal that near the inner wall of the fibre,
long finger-like structures are present. The appearance of the
fibre structures shown in FI1G. 43 can be attributed to the rapid
precipitation which occurred at the inner fibre wall, resulting,
in the long finger-like structures. The average pore diameter
of NMP/PESF 1s larger than DME/PESF and DMACc/PESF;
the result 1s confirmed, as shown 1n Table 8, by the nitrogen
permeation test using the Poiseulle flow model.

Example No.

Example 32
(NMP/PESF)

Dynamic Adsorption of N-Butane onto Silicalite Hollow
Fibres Prepared from Different Solvents

[0158] Adsorption properties of silicalite polymer compos-
ite hollow fibres were compared using the breakthrough
curves of n-butane at a feed flow rate of 1.5 1 min™" and a
concentration of 6000 ppm. FIG. 44 compares the break-
through curves of the composite hollow fibres with that of the
commercial pellets. The breakthrough curves reveal that, for
all three adsorbent fibre samples, the time to breakthrough
was higher than that of its equivalent particulate system. The
breakthrough times of Example 29, Example 30, Example 31,
Example 30 fibre module and commercial pellets are 34 mins,
37 mins, 28 mins 39 mins and 26 mins respectively. These
results show that the breakthrough times increased as follows:
commercial pellets<Example 31 (DMAc/PESF hollow fibre
pellets)<Example 29 (DME/PESF)<Example 30 (NMP/
PESF hollow fibre pellets)<Example 30 (NMP/PESF hollow
fibre module). This clearly demonstrates that the solvent type
used during spinning has a significant influence on the struc-
ture and the porosity of the hollow fibre. Similarly polymer
types were compared (PESF, PSF and polyvinylidenefluoride
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(PVDF)) and PESF gave the best results. The open finger-like
structure 1n the fibre seems to be providing more accessibility
for the adsorbate to reach the adsorption sites. The hollow
fibre prepared from NMP solvent and PESF polymer gave the
sharpest breakthrough curve and the longest time to break-
through. The longer time to breakthrough and sharper break-
through curves for the hollow fibre samples are indicative of
a lower resistance to high adsorption capacity 1n the fibre than
in the pellet. The breakthrough curve for hollow fibre pre-
pared from DMF 1s broader than those for the equivalent
pellets. Certainly, the higher molecular weight solvent NMP

seems to be better than the DMF or DMACc for producing
superior adsorbent hollow fibre structures.

[0159] The breakthrough performances of silicalite hollow
fibres seems to be significantly better than the commercial
pellets, indicating the importance of solvent and polymer
contribution to its porosity and effective surface area in cre-
ating access to adsorption sites. These results are a clear
indication that the polymer has not blocked the adsorption
sites of the silicalite during manufacture. These results augur
well for the hollow fibre composite systems.

Example 32

Pre-Ireatment Temperature

[0160]
TABLE 9
Dope solution
compositions Viscosity
(wt. %) (Pa-s) Spinning parameters
NMP/PESE, 10.9 Coagulation bath 25
85/15 temperature (° C.)
Silicalite/PESE, Injection rate of internal 14
80/20 coagulant (ml/min)
Nitrogen pressure 2-3
(bar)
Alr gap (cm) 3
Linear extrusion 40
speed (rpm)
Bore liquid water
External coagulant water

[0161] Further fibres according to the present invention
were prepared according to the method of examples 29 to 31
using the composition and spinning conditions and param-
eters set out 1n Table 9 above. Both single and double layer

fibres were spun from the same composition and varying the
pre-treatment temperature.

[0162] FIG. 45 shows the breakthrough curves for fibres

produced according to the present invention 1 comparison
with commercially available pellets. The compositions are as
follows:

(a) Single layer silicalite hollow fibre membrane (20% PESF;
80% silicalite (example 32); pretreatment temperature of

200° C.);
(b) Double-layer silicalite hollow fibre membrane (20%
PESE; 80% silicate (example 32); pretreatment temperature

of 200° C.);
(c) MHSZ-423 (Sphere 2 mm diameter): Commercial Sili-
calite. Assumed 20% binder; 80% silicalite




US 2009/0305871 Al

(d) HiS1v 1000 (pellets 3 mmx6 mm): Commercial Silicalite.
Assumed 20% binder; 80% silicalite; and

(¢) Double-layer silicate hollow fibre membrane (20% PESF;
80% silicalite (example 32); pre-treatment temperature of
100° C.)

[0163] The fibres according to the present invention were
prepared according to example 32. They were subjected to
pre-treatment conditions of either 100 or 200° C. as indicated
to remove any trapped materials and to expose the active sites
ol adsorption. The adsorption properties of these fibres were
compared with each other and with commercially available
pellets using the breakthrough curves of n-butane at a feed
flow rate of 1.5 L/min and a concentration of 5000 ppm.
[0164] Again, the fibres of the present mvention have a
sharper breakthrough point than the commercially available
pellets and have a longer time to breakthrough. FIG. 45 also
shows the effect of double and single layer and also the
pre-treatment temperature on the performance of the fibre.
Increasing from a single to a double layer increases the break-
through time as does increasing the pre-treatment tempera-
ture from 100 to 200° C. This 1s another variable which may
therefore be used to tune the properties of the fibre during
manufacture.

[0165] As mentioned above, FIG. 46 shows the mechanical
strength of compact fibres produced according to the present
invention. In particular, the graphs compare the strength of
single, double and triple layer fibres by looking at the load at
breaking point of a number of samples. It can clearly be seen
that double layer fibres are stronger than single layer fibres
(see FI1G. 46a) and triple layer fibres are mechanically sub-

stantially stronger than double layer (the strength 1s more than
double)—see FI1G. 466.

1. A hollow fibre in which the mean pore size in one or more
layers 1s less than 100 um.

2. (canceled)

3. (canceled)

4. (canceled)

5. (canceled)

6. (canceled)

7. (canceled)

8. A hollow fibre as claimed 1n claim 1, in which the fibre
1s 1norganic, and comprises an mnorganic powder and a binder.

9. A hollow fibre as claimed 1n claim 8, i1n which the
inorganic powder 1s selected from the group consisting of
metals selected from the group consisting of nickel, 1ron,
platinum and an alloy containing nickel, 1iron or platinum,
ceramics selected from the group consisting of aluminum
oxide, bentonite, silica, hydroxyapatite and mixtures thereof,
adsorbents and 10n exchange resins.

10. (canceled)

11. (canceled)

12. A hollow fibre as claimed in claim 9, in which the
inorganic powder 1s a combination of metal and ceramic
selected from the group consisting of 1ron metal/aluminium
oxide and titantum carbide/nickel.

13. A hollow fibre as claimed in claim 8, in which the
binder 1s selected from lead bisilicate irit, fine standard borax
trit, bentonite and Hyplas.

14. A hollow fibre as claimed 1n claim 8, 1n which the fibre
has a tlexibility of greater than 5° bending angle from We a
mid point of the fibre.

15. (canceled)

16. (canceled)

)

17. (canceled
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18. A hollow fibre as claimed i1n claim 8, in which the
hollow fibre additionally comprises a component selected
from fumed silica, magnesium oxide, high silica silicalite,
zircon opaque, hydroxyapatite, high siliea zeolite and sili-
calite, and combinations thereof.

19. A hollow fibre as claimed 1n claim 8, in which the
hollow fibre additionally comprises an adsorbent material.

20. A hollow fibre as claimed in claim 19, i1n which the
adsorbent material 1s a zeolite.

21. (canceled)

22. A hollow fibre as claimed 1n claim 1, 1n which the fibre
1S organic.

23. A hollow fibre as claimed 1n claim 22, in which the fibre
comprises a polymer, a binder and an adsorbent material.

24. A hollow fibre as claimed 1n claim 23, in which the
polymer 1s selected from the group consisting of PESFE,
polysulione, polyvinylidenefluoride (PVDF)), polyethylene,
polypropylene, polyphenylene oxide), polyacrylonitrile,
polymethylmethacrylate, polyvinyl chloride), Polysulione,
Poly(ether sulfone), Poly(vinylidene fluoride), Polyacryloni-
trile, Cellulose acetate, Polymide Poly(ether imide), Polya-
mide (aromatic), Polyimide, Poly(ether imide) and poly(vi-
nyl alcohol) co-polymers of Polylactide (PLA) and
Polyglycolide (PGA), Polycaprolactone (PCL) and Poly (eth-
ylene terephathalate) (PEI.

25. A hollow fibre as claimed 1n claim 23, 1n which the
binder 1s selected from lead bisilicate frit, fine standard borax
tlit, bentonite and Hyplas.

26. A hollow fibre as claimed 1n claim 23, 1n which the
adsorbent 1s a zeolite.

27. (canceled)

28. A hollow fibre as claimed 1n claim 23, in which the fibre
has an additional thin outer coating which may be of the same
composition as the rest of the hollow fibre and have a lower
mean pore size, or which may be of a different composition as
the rest of the hollow fibre.

29. (canceled)

30. (canceled)

31. (canceled)

32. A hollow fibre as claimed 1n claim 1, 1n which the fibre
has a mechanical load strength of greater than 200 g force at
a crosshead speed of 1.0 mmy/sec for a fibre with an effective
porosity (e/q2) of 0.1-0.2.

33. A hollow fibre as claimed 1n claim 1, i1n which the
surface area to volume ratio 1s greater than 1000 m2/m3.

34. A hollow fibre as claimed in claim 1, in which the fibre
comprises two or more layers such as a double-layer fibre or
a triple-layer fibre.

35. (canceled)

36. (canceled)

37. A hollow fibre as claimed in claim 34 in which the
different layers are of the same composition.

38. A hollow fibre as claimed in claim 34, i1n which the
layers are of different compositions and 1n which the layers
ma have different functionality.

39. (canceled)
40. (canceled)
41. (canceled)
42. (canceled)
43. (canceled)
44. (canceled)
45. (canceled)
46. (canceled)
4'7. (canceled)
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48. (canceled
49. (canceled
50. (canceled
51. (canceled
52. (canceled
53. (canceled
54. (canceled
55. (canceled
56. (canceled
57. (canceled
58. (canceled
59. (canceled
60. (canceled
61. (canceled
62. (canceled
63. (canceled
64. (canceled
65. A method for preparing porous hollow fibres, 1n which
a spinning dope 1s prepared 1n a viscous or gel form, filtered
using a mesh, the dope 1s degassed 1n a piston delivery vessel
attached to a spinneret, the vessel 1s pressurised using an inert
gas, the dope 1s extruded through the spinneret to form a fibre
precursor, the precursor 1s washed, dried and optionally fired.
66. A method as claimed 1n claim 65, 1n which the spinning
dope comprises a polymer selected from the group consisting
of PESF, polysulione, polvinylidenetluoride (PVDF), poly-
cthylene, polypropylene, poly(phenylene oxide), polyacry-
lonitrile, polymethylmethacrylate, polyvinyl chloride).
Polysulfone. Poly(ether sultfone), Poly(vinylidene fluoride),
Polyacrylonitrile, Cellulose acetate, Polymide Polyether
imide), Polyamide (aromatic), Polyimide, Poly(ether imide)
and poly(vinyl alcohol) co-polymers of Polylactide (PLA)
and Polyglycolide (PGA). Polycaprolactone (PCL) and Poly
(ethylene terephathalate) (PET), a solvent selected from the
group consisting of N-dimethylacetamide (DMACc), 1-methyl
1-2-pyrrolidone (NMP), N-dimethylformamide (DMSO),
Acetone, Dioxan, Tetrahydrofuran (THF), Acetic acid (Hac),
Dimethylsulfoxide (DMSQO), Formylpiperidine (FP), Mor-
pholine (MP) and 4-butyrolactone and a binder selected from
the group consisting of lead bisilicate frit fine standard borax
fr1t, bentomite and Hyplas.

67. (canceled
68. (canceled
69. (canceled
70. (canceled
71. (canceled
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72. (canceled)
73. (canceled)
74. (canceled)
75. (canceled)
76. (canceled)
77. (canceled)
78. (canceled)
79. (canceled)
80. (canceled)
81. (canceled)

82. (canceled)

83. Apparatus for the extrusion of a hollow fibre compris-
ing one or more delivery vessels, a spinneret fed by the
delivery vessels, a coagulation bath and a washing bath.

84. (canceled)

85. (canceled)

86. (canceled)

87. (canceled)

88. (canceled)

89. A triple orifice spinneret comprising a base module, an
outer delivery chamber, a secondary delivery chamber and a
third delivery chamber.

90. (canceled)

91. (canceled)

92. (canceled)

93. (canceled)

94. (canceled)

95. (canceled)

96. (canceled)

97. A quadruple orifice spinneret comprising a base mod-
ule, an outer delivery chamber, a secondary delivery chamber,

and a third delivery chamber and a fourth delivery chamber.
98. (canceled)

99. (canceled)

100. (canceled)
101. (canceled)
102. (canceled)
103. (canceled)
104. (canceled)
105. (canceled)
106. (canceled)
107. (canceled)
108. (canceled)
109. (canceled)
110. (canceled)



	Front Page
	Drawings
	Specification
	Claims

